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Abstract 
Metal matrix composites (MMCs), as a new generation of materials; have proven to be viable materials 
in various industrial fields such as biomedical and aerospace. In order to achieve a valuable modification in 
various properties of materials, metallic matrices are reinforced with additional phases based on the 
chemical and/or physical properties required in the in-service operating conditions. The presence of the 
reinforcements in MMCs improves the physical, mechanical and thermal properties of the composite; 
however it induces significant issues in the domain of machining, such as high tool wear and inferior 
surface finish. The interaction between the tool and abrasive hard reinforcing particles induces complex 
deformation behaviour in the MMC structure. Sever tool wear is technically the most important drawback 
of machining MMCs.  
In this study a statistical model is developed to estimate the mean residual life (MRL) of the cutting tool 
during machining Ti-MMCs. Initial wear, steady wear and rapid wear regions in the tool wear curve are 
regarded as the different states in the statistical model. Hence, the valuable information regarding the 
estimated total time spent in each state, called the sojourn time, and the transition times between the states 
are obtained from the model.  
In this paper the standard cutting conditions, based on the recommendation of the tool supplier, are 
adopted. Based on a Weibull model, the reliability and hazard functions are obtained and are utilized in 
order to calculate the MRL and the sojourn times. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of The International Scientific Committee of the 6th CIRP International 
Conference on High Performance Cutting. 
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1. Introduction 
Metal matrix composites (MMCs) inherit such a 
combination of desirable characteristics which has 
brought them up as the prime candidate materials in 
various industries. However, hard and abrasive nature of 
the reinforcing particles in MMCs, are the potential 
detriments to the severe tool wear and surface roughness 
occurring during machining of this class of materials [1, 
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Insert
Parameters
TH1000
Cutting Speed  (m/min) 60
Feed Rate  (mm/rev) 0.15
Depth of Cut  (mm) 0.20
2]. This emphasizes the importance of developing a 
statistical model, in which the progressive states of tool 
wear from an initial point to the failure state is 
represented. Recognizing the probabilistic nature of 
cutting tool life, different researches have been 
conducted to assess the cutting tool reliability.  Devor et 
al. studied the random nature of the cutting tool life [3], 
while several studies were perform to represent the tool 
life with different probability distributions [4, 5]. 
Mazzuchi et al [6] presented the proportional hazard 
model (PHM) for modeling the machine tool failure. The 
model described the effect of aging and also machining 
environment on the tool life. Tail et al [7] investigated 
the cutting tool reliability under different cutting speeds 
using PHM.  Benkedjouh et al [8] used a method based 
on the support vector regression to obtain the remaining 
useful life of cutting inserts.  
As shown previously, reliability analyses have always 
been of interest in order to assess the cutting tool 
reliability and to acquire information about tool failure 
time.  
Considering the typical tool wear curve shown in 
Figure 1, tool wear process consists of three distinct 
states. The initial state, with very high wear rate known 
as rapid wear zone, a steady state with almost constant 
tool wear rate followed by a very rapid wear rate state.  
 
Figure 1: The tool wear curve 
During many machining operations, it is preferable to 
replace the cutting tool before entering the third state in 
order to prevent any probable damage to the high quality 
products. This is the case especially during machining 
MMCs in which the sojourn time in the rapid wear zone 
is very short.  
Since there is a lack of knowledge in this area, an 
attempt is made in this study to obtain the transition time 
between different wear states and to find the sojourn 
time of the cutting insert in each state. Hence at each 
desired point, the remaining time to each transition state 
in addition to the mean residual life until failure can be 
obtained. The data is a useful piece of information which 
could be further implemented in different machining 
models.  
In this study the standard fixed cutting conditions are 
utilized, based on the recommendation of the tool 
supplier.  
2. Experiment set up 
A cylindrical bar of Ti-6Al-4V alloy matrix 
reinforced with 10-12% volume fraction of TiC ceramic 
particles is used in this study.  
Dry machining tests were conducted on a 6-axis 
Boehringer NG 200, CNC turning center. TiSiN-TiAlN 
nano-laminate PVD coated grades (Seco TH1000 coated 
carbide grades) were utilized for this study. A total of six 
inserts is used for this study.  
The experiment set up is shown in Figure 2. 
 
Figure 2: The experiment set up 
 
The experiments are performed under constant 
cutting conditions based on the supplier’s 
recommendations.  The values assigned for each cutting 
parameter are listed in Table1.  
Table 1: Cutting parameters  
 
After each experimental run, the tool maximum flank 
wear length (VBBmax) wear was measured using an 
Olympus SZ-X12 microscope.  
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3. Methodology 
For each insert, sequential turning tests were 
conducted. VBBmax was measured after each step. This is 
to insure that the tool life curve is constructed with 
adequate accuracy for each insert, and that the failure 
criterion is reached for each tool. An approximate 
number of ten measurements for each insert are taken 
until the maximum tool flank wear threshold is reached. 
The same procedure is replicated six times for different 
inserts. 
After obtaining the tool wear curves for each insert, 
time to failure for each insert is calculated by 
interpolating between the lower and upper measurements 
values from the experiments.   
Since the goal of this study is to obtain the 
information about the transition time between different 
wear states, each state on the tool wear curve is first 
analyzed as a separate case. Hence, a failure criterion is 
assigned separately for each zone; namely, potential, 
critical and functional failures.  
In this study we have assigned initial, steady and 
rapid wear zones to states 1 to 3, respectively. Thus, the 
mean value of VBBmax for six inserts, corresponding to 
the transition point from state 1 to state 2 is considered 
as the potential criterion. While the corresponding value 
for state 2 to 3 transition is considered as the critical 
failure criterion.  
Considering the tool wear curves for different inserts, 
the maximum flank wear length, VBBmax, equal to 0.075 
and 0.09 mm are considered as the potential and critical 
failure criteria for the first and second tool wear states, 
respectively.  
A maximum value of tool flank wear equal to 0.2 mm 
was defined as the functional failure limit. 
In this study, Weibull distributions with two 
parameters (β, η), representing the survival functions 
were developed based on the experimental times to 
failure (TTF) for the six inserts and for each state 
separately.  
The probability density function corresponding to the 
Weibull distribution is represented by the following 
equation: 
 
݂ሺݐሻ ൌ ߚ ߟൗ ሺݐ ߟൗ ሻఉିଵ݁ݔ݌ൣെሺݐ ߟൗ ሻఉ൧ߚǡ ߟ ൐ ͲǢ ݐ ൒ Ͳ 
(1) 
where β is the shape parameter and η is the scale 
parameter. 
The corresponding reliability function is obtained 
from the following relation: 
 
ܴሺݐሻ ൌ ݁ݔ݌ൣെሺݐ ߟൗ ሻఉ൧                                             (2) 
The mean time to failure (MTTF) was obtained by the 
following equation: 
ܯܶܶܨ ൌ ߟ߁ሺͳ ൅ ͳ ߚൗ ሻ                                           (3) 
Mean residual life (MRL) at the observation moment 
tr for each state (i, i=1, 2, 3) is calculated by the 
following equation: 
ܯܴܮሺݐ௥ሻ ൌ
׬ ௧௙೔ሺ௧ሻௗ௧ಮ೟ೝ
ோ೔ሺ௧ሻ
െ ݐ௥                                  (4) 
The mean residual life function is an informative 
function, which is of interest mostly in reliability and 
medical fields. It can be obtained from the model`s 
distribution function and provides us with the expected 
remaining survival life of a subject, given that the 
subject has survived up to the observation point, tr [9]. 
Thus, for our case, the time to the tool potential 
failure (i=1), critical failure (i=2) and functional failure 
(i=3), given that for each case the insert has survived till 
time tr, can be obtained from equation (5). 
 
ܧሾ ௜ܶ െ ݐ௥ȁ ௜ܶ ൐ ݐ௥ሿ                                             (5)                
4. Results and discussion 
As discussed before, reliability analysis is performed 
on each state separately by considering a separate limit 
for the flank wear VBBmax for each state.  
As a first step, the tool wear curves for the six 
different inserts are depicted. Figure 3 shows the results 
for the six inserts. 
 
0
0,05
0,1
0,15
0,2
0,25
0,3
0 200 400 600 800 1000
To
ol
 W
ea
r 
V
B
B
m
ax
(m
m
)
Cutting Time (s)
 Insert#1  Insert#2
 Insert#3  Insert#4
 Insert#5  Insert#6
Potential Failure Limit Critical Failure Limit
Functional Failure Limit
Figure 3. Tool wear curve for 6 inserts 
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The time to failure for each state was obtained from the 
experiments separately and are summarized in Table 2.  
Table 2. Time to failure for different states  
Insert # 
Time to 
Potential 
Failure 
(First state) 
[s] 
Time to 
Critical 
Failure 
(Second state) 
[s] 
Time to 
Functional 
Failure 
(Third state) 
[s] 
1 174,4631 321,926 542,9719 
2 147,9821 324,0029 611,6142 
3 155,9612 311,992 749,1702 
4 156,1351 327,8836 691,1465 
5 149,2257 304,4203 782,7383 
6 94,0907 252,1631 599,5416 
 
4.1. Fitting the reliability model 
Based on the experimental results given in Figure 3 and 
Table 2, and after calculating the Weibull distribution 
parameters, the reliability and hazard functions, and the 
MTTF for each state are obtained. This was carried out 
using the software Mathematica.  
The Weibull distribution parameters and MTTF for each 
state are presented in Table 3. 
Table 3: Weibull distribution parameters and MTTF for each case 
State Shape 
function 
Scale 
function 
MTTF 
[s] 
1 8,44 155,75 146,96 
2 19,86 317,11 308,70 
3 8,8 700,83 663,96 
4.2. Transition time between states 
In some cases, like the case under consideration in 
this study, the prediction time to the next event is of 
interest. This prediction time could be vital when 
significant cost is associated with the events. Having the 
probability model for a current event, the prediction for 
the next events could be calculated, based on the event 
history up to that point  [9].  
Considering the transition from one state to another 
as the desired event, the time to the next event from the 
current event could be calculated based on the event 
history for each state, knowing the reliability function 
and MTTF associated with each state. 
Thus, the transition time to state two could be 
calculated taking to account the reliability distribution 
for state one.  Therefore, the expected time to reach the 
transition point from state one to state two for a given 
time (tr), is obtained through calculating the mean 
residual life to the potential failure (T1) for the 
observation point, given that the system has survived up 
to the time tr. One could find the related equation below: 
ܧሾ ଵܶ െ ݐ௥ȁ ଵܶ ൐ ݐ௥ሿ ൌ
׬ ௧௙భሺ௧ሻௗ௧ಮ೟ೝ
ோభሺ௧ሻ െ ݐ௥                     (6) 
Similarly, the expected time to change from state two 
to state three is calculated from the reliability model for 
state 2, given the survival up to tr. The corresponding 
relation is presented as follows: 
ܧሾ ଶܶ െ ݐ௥ȁ ଶܶ ൐ ݐ௥ሿ ൌ
׬ ௧௙మሺ௧ሻௗ௧ಮ೟ೝ
ோమሺ௧ሻ െ ݐ௥                    (7) 
 
The same methodology is applied to calculate the 
residual time for the third state: 
 
ܧሾ ଷܶ െ ݐ௥ȁ ଷܶ ൐ ݐ௥ሿ ൌ
׬ ௧௙యሺ௧ሻௗ௧ಮ೟ೝ
ோయሺ௧ሻ െ ݐ௥                     (8) 
 
For example suppose that the observation time is at 
50 seconds, then the transition time to state two and state 
three could be calculated from equations 6 and 7, 
respectively, while the transition times for final failure 
could be obtained from equation 7. The results are 
presented in Table 4. 
 
Table4: time to different transition points from tr=50s 
Time to first 
transition 
point [s] 
Time to Second 
transition point 
[s] 
Time to third 
transition 
point [s] 
97.05  258.65 612.98 
4.3. Sojourn time 
If the total time spent in each state is of interest, then 
it can be calculated, taking into account the mean 
residual life for each insert. 
Accordingly, the duration of sojourns in state one can 
be obtained from the mean residual life to potential 
failure for state one, given that the observation time is 
equal to zero. The related equation is presented below: 
ܵ݋݆݋ݑݎ݊ݐ݅݉݁ଵ ൌ ׬ ௧௙భሺ௧ሻௗ௧
ಮ
బ
ோభሺ଴ሻ                                    (9) 
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The sojourn time for the second state can calculated 
from the mean residual life corresponding to state two, 
conditional on the observation point fixed on the 
MTTF1: 
ܵ݋݆݋ݑݎ݊ݐ݅݉݁ଶ ൌ
׬ ௧௙మሺ௧ሻௗ௧ಮಾ೅೅ಷభ
ோమሺெ்்ிభሻ െ ܯܶܶܨଵ     (10) 
Finally for the third state, the sojourn time was 
calculated through equation 10, by taking into account 
that the observation point was considered as MTTF2. 
ܵ݋݆݋ݑݎ݊ݐ݅݉݁ଷ ൌ
׬ ௧௙యሺ௧ሻௗ௧ಮಾ೅೅ಷమ
ோయሺெ்்ிమሻ െ ܯܶܶܨଶ          (11)        
The estimated results for the sojourn time in each 
state are presented in Table 4. In order to assess the 
validity of the results, the sojourn times calculated 
directly from the experiments are also presented. 
Table 4: Sojourn time obtained from the statistical model and the 
experiment results 
State Sojourn time from model[s] 
Experimental 
sojourn times [s] 
Percent 
Error 
1  147.0526 146.3096 0.50 % 
2 161.6938 160.7550 0.58 % 
3 354.5592 355.7991 0.35 % 
As can be seen in table 4, the statistical results are in 
excellent agreement with the results obtained directly 
from the experiments.   
5. Conclusions 
Statistical model was developed to estimate the 
progressive tool life of the cutting inserts during turning 
Ti-MMCs.  
Different regions on the tool life curve are regarded 
as different states in the model. Reliability distribution is 
developed for each state separately and the related 
MTTF is calculated for each state based on the TTF 
driven from the machining tests. The mean time to 
transition from each state to another, in addition to the 
total time spent in each zone, is predicted from the 
model, conditional on the given history. 
Thus, the mean residual life to failure for each state 
was utilized to predict the time to transition to the next 
state. The Sojourn time for each state was also obtained 
from the mean residual life to failure each state, given 
that the observation time is equal to zero for state one 
and equal to MTTF1 and MTTF2 for second and third 
state, respectively. Including the cutting conditions as 
the covariates to the model, and calculation of useful 
residual life of the inserts under different cutting 
conditions are considered as the future work. 
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